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- ; Abstract 
,g 
The dynamics of a single pass, battled, shell and tube heat 
exchanger were studied by transient testing. Each battled section of 
the exchanger was pulsed and its frequency response determined and 
plotted. 
Resonance appeared in ~he frequency response which indicates 
that the system cannot be approximated by a stirred tank, which has a 
transfer function of ~ as was hoped. es.,., 
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Introduction 
In the design of control systems tor chemical processing 
equipment, it/s important to know the dynamics ot the process. This 
study has.bee made in order to ,determine and better understand the 
shell side dynamics of a single pass, baffled,. shell and tube heat ex-
changer. 
In deriving mathematical expressions for the dynamics of the 
heat exchanger, it is frequently assumed that either perfect mixing 
has taken place in the fluid or no mixing has occurred. Both of these 
assumptions simplify the mathematics, but neither is correct. 
Most investigators have tried to obtain the dynamics of the 
exchanger in the form of frequency response by applying an input sig-
nal (step, pulse, or sinusoidal disturbance) and monitoring the out-
put disturbance. We can define the frequency response as the ratio 
of the Fourier transforms of the output response to that of the in-
put disturbance. 
If the dynamics or frequency response of each baffled 
section could be obtained and compared to dynamics of a theoretical 
stirred tank, it would then be possible to determine the dynamics of 
the entire shell and also give an indication of the error in assuming 
perfect mixing in each section. 
One investigator, Murch~2) tried to synthesize the dynamics 
of each baffled section. He used a step disturbance as an input sig-
nal to the sections, and because of the low frequency content of the 
signal, his conclusions are only valid at very low frequencies, i.e. 
wide pulses. 
The work described herein was initiated to allow for gen-
eralization of the results to a broader frequency range by using a 
pulse of a higher frequency content • 
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Description of Equipment 
The equipment consisted of several major systems--main 
flow, tracer, heat exchanger, concentration monitoring, and inter-
val timer.· 
Main Flow. System (Figure l) This. system was designed to 
give controlled flow rates of water with no fluxations. City water 
was fed into a 55-gallon feed tank from which it was pumped by a 
Gould centrifugal pump (Size 1) to a 5-gallon constant head tank. 
A second identical pump forced the water through a flow controlling 
needle valve, a Fisher and Porter Company precision bore flowrater 
(Tube No. B6-35.10/77), 1/2-inch gate valve, connecting piping, 
another 1/2-inch gate valve, and two feet of 3/4-inch I. D. rubber 
tubing into the heat exchanger model. The discharge from the model 
was to a one-half gallon tank which was connected to.the drain. 
Tracer S stem Fi re 2) Tracer solution (three hundred 
grams Na Cl per liter was pressurized to twenty-eight psig. in a 
storage tank. The tracer solution flowed from the bottom of the tank 
through a stopcock, a needle valve, connecting 1/2-inch copper tubing, 
an Automatic Switch Company solenoid valve (Model No. 82624), four 
inches of 1/2-inch copper tubing, and 7/8-inch tygon tubing to a 
hypodermic needle which injected the tracer solution into the main 
flow system at the entrance to the exchanger. 
Heat Exchanger Model (Figure 3) The model was constructed 
out of seven sections of 5-inch O. D. clear plexiglae tube of 4 1/8 
inches long and 1/4 inch wall thickness. At each end of a tubular 
section, 7-inch square flanges were attached using a glue made from 
plexiglas dissolved in chloroform. Rubber gasketed baffles, which 
restricted 80 per cent of the flow area, were placed between sections. 
Seven 5/8-inch O. D. monel tubes ran the length of the exchanger. The 
inlet to the model was through a brass mixing baffle into the bottom 
of the first section. The exit was from the middle of the top of the 
seventh section. Threaded openings existed at the inlet of each sec-
tion through which a conductivity probe was inserted. The openings 
were plugged when not in use with 3/8-in plexiglas rod. 
I 
Concentration Monitoring System The conductivity probe 
was a 1/4-inch stainless steel tube with an insulated wire down the 
center. The tip of the probe was formed from epoxy glue which held 
the wire in ~1,ce. This type of probe gives essentially point conw 
ductivities.(l} 
The conductivity probe was connected to a ~eds and 
Northrup conductivity monitor (No. 4957). The monitor indicated the 
conductivity on a meter, and it also appeared on a Brown Electronik 
strip chart recorder (Model No. Y-153Xl8 (VA)-X-118) with a one-
second pen. The chart speed was.one inch per second. 
y 
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Interval Timer The interval timer was designed to repro-
duce accurately the same width pulse each time and not to be very 
temperature or humidity sensitive. It is based on an RC circuit and 
is described in detail in the appendix. When the interval timer was 
activated, the recorder chart was started ,nd the solenoid valve was 
opened permitting tracer solution to enter the exchanger. When the 
desired time had elapsed (0.1 seconds), the solenoid valve was closed, 
but the recorder chart remained on. 
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Experimental Procedure 
The electrical equipment (conductivity monitor, recorder, 
D. c. power supply, and interval timer) was turned on and allowed 
one-half hour to warm up. The ,ir compressor was turned on to build 
up and maintain 95 to 100 psig. The tracer tank was charged with 
300 g/liter Na Cl solution and placed under 28 psig pressure by means 
of a pressure reducer. The tracer line was bled of air pockets. 
The 55-gallon drum was filled with city water. Pump No. 1 
was turned on to fill the 5-gallon constant head tank. When the 
constant head tank was overflowing, pump No. 2 was started, and the 
main flow system was flushed to remove rust. After all traces of 
rust had passed the water was sent through the heat exchanger. The 
plastic screws on top were removed to let the air escape and fill 
the heat exchanger with water. The flow rate was adjusted to the 
desired value. City water to the 55-gallon drum was again turned 
on to the same rate of discharge from the exchanger to maintain a 
relatively constant level in the 55-gallon drum. 
The conductivity probe was previously positioned before 
the water was turned on to penetrate about 1/8 inch into the ex-
changer. Other depths of the conductivity probe were tried, but 
this one gave the highest response. 
When the equipment was ready for a test, the temperature 
of the city water was noted and the conductivity monitor was ad-
justed accordingly. A conductivity reading of city water was ad-
justed to read zero on the recorder. Salt solutions (Na Cl) of 
known concentration were used to calibrate the recorder. Conduc-
tivity in the range measured was linear with concentration, and so 
the recorder reading is directly convertible to salt concentration. 
With everything in position, the system was plused by 
starting the interval timer. This was repeated until the response 
was reproducable, then a run was made. The transient response at 
each position was obtained by maintaining all variables constant 
with the exception of the conductivity probe, which was moved to 
a new position, and another run made. 
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Calculative Procedure 
It was desired to obtain the transfer function tor each 
section of the exchanger by obtaining the frequency response of each 
section. The magnitude of the trequency response was obtained by 
taking the ratio of the Fourier transform of the output disturbance 
to the Fourier transform of the input pulse. The output disturbance 
of section one was also used as the input pulse for section two and 
so on. The phase angle of the frequency response for each section 
was the difference between the phase angle of the transformed output 
disturbance and the phase angle of 'the transformed input pulse. 
9 •. 
10. 
Data Reduction 
~ The Fourier transform of each disturbance was obtained by 
numerical integration on the G, E. 225 computer. A detailed descrip-
tion of the method is in the appendix. 
\ A Bode diagram was drawn of each section transfer fwiction. 
Using the assumption that each section of the heat exchanger was a 
•~ stirred tank with a time delay, it was planned to obtain the time 
'.f constant e from the diagram, In the transfer function for a stirred 
,. tank 0 = ib where w is the frequency at which the value of the mag-
nitude ratio is 0.707. The delay time was to be taken as the time l necessary to reach one half tge)maximum value of the concentration as 
(l indicated on the strip chart. (3 
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Discussion of Results 
Each section of the exchanger was assumed to be a theoreti-
cal stirred tank whose transfer funct~on i~ ~+'. • The_ frequency 
response of this tank is obtained by lettlq s~Jw where J :: r-, 
and w is frequency in radians per second.. If the magnitude and 
phase angle of the resulting complex number are plotted on a Bode 
diagram as w takes on different values, it appears as in Figure 4. 
If the theoretical stirred tank is a perfect mixer, the time con-
stant, e, , equals the nominal holding time, Le. the section 
volume/flow rate. If plug flow occurs, E> equals zero. 
11. 
'] 
;i If there is a delay time between the start of a pulse and 
,, its detection by the conductivity probe, we can express the frequency 
of the delay by .£~s where a is the delay time in seconds ands is 
defined as before. If the stirred tank is a perfect mixer, the de-
}: lay time is zero. If plug flow occurs, the delay time is the nomi-
nal holding time. 
From the experimental frequency response, if plotted on a 
Bode diagram, the time constants can be obtained as described. The 
delay time can be obtained from the strip chart and a system transfer 
function can be determined. 
The experimental frequency response was plotted for two 
, flow rates, and several sections of the exchanger in Figures 5, 6, 
(1 7, and 8. Note that these Bode plots do not resemble Figure 4. 
} Because of this, the previously discussed method of determining a 
~ transfer function of the form ~ does not apply. 
;; 8SH 
';",; 
Note also in Figures 5, 6, 7, and 8 that resonance has 
:fl occurred. This is an indication that a baffle section of this heat 
exchanger.is not a simple stirred tank, and it cannot be approximated 
by one very well • 
} An explanation of the resonance could be found by consider-
ing the possible flow characteristics in a baffled section. The 
pulse enters the section and is split into several sections; the 
majority s~ying in the main flow stream. The parts that have 
broken away are mixed around and then re-enter the main flow stream 
and reinforce it (Figure 9). The output disturbance is changed in 
shape to such an:extend {See Figure 10) that resonance appears in 
frequency response of that section. 
It is reasonable to believe that the flow rate would have 
a significant effect on whether resonance occurs and. to what ex-
tent. With the exception of section one, resonance appeared sooner 
at the slower flow rate. This can be seen if Figures 5, 6, 7, and 
8 are examined very closely, · 
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The resonance does not occur because of poor accuracy of 
the calculation, but in fact is a true effect. Sampling of the strip 
chart recordings at 10 and 25 points per second gave essentially the 
frequency response curvea. 
The phase angles were ~ot plotted, but they also exhibit 
resonance. 
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19. 
· Recommendations 
This work was done using a single pen recorder. First, an 
input pulse was measured. The conductivity probe was then moved to 
the inlet of the next section, ~nd the system was pulsed again with 
the same pulse to obtain the output disturbance. It would be much more 
reliable to USP. a two pen recorder, and monitor the input and output 
disturbance simultaneously. 
As stated before, the conductivity probe measures point 
concentrations, and its depth in the exchanger affected the concentra-
tion read. The equipment will yield essentially the same response 
to repeated pulses if the probe is not moved. However, if the probe 
depth is changed, a change in the pulse shape occurs. Therefore, 
1 the average concentration should be obtained rather than point con-} centration. This could be done perhaps by making several runs with 
the only change being the probe depth, and then average the curves -.:..: 
·\ 
together. 
The recorder pen speed was not high enough to follow the 
pulse at the inlet to the first section. If possible, a faster pen 
should be used or some other method of recording concentration changes. 
'T~ 
I From the strip chart recording of the concentration at the 
{ inlet to section one (Figure 10), it is apparent that the mixing 
<; baffle is not as efficient as expected. This is true because of 
t multiple peaks and long tail on the recording which are caused by 
~ holdups and flow patterns in the baffle. This should be improved. 
Also the distance of the solenoid valve to the inlet 
should be shortened as much as possible. This is suggested because 
of the long tail on the input pulse (Figure 10). Possibly salt 
continues to leave the hypodermic needle after the solenoid valve 
is.closed. 
·~ With the improvements mentioned, further work should be 
done to determine specifically the effect of flowrate on the trans-
fer function. Other important variables worth investigating are 
baffle size and section length. 
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Appendix A 
. Detailed Description of Calculation. Figure 10 is a re-
production of a strip chart recordings. The strip charts were broken 
into .1 second intervals while ~he curve changed rapidly and then 1 
second intervals when the rate of change was less than .5 units of 
concentration per second. These data points were used in a computer 
program using the. trapezoidal rule to numerically evaluate the Fourier 
transform of each section. A portion of the calculations were also 
based on sampling the strip chart every 0.04 seconds for comparison 
with the results obtained by sampling at 0.1 second intervals. 
The Fourier transform is defined as 1: .f(t)ijwtJt • It can 
be evaluated numerically by the approximation f./(t.,)~Wt.,.f.tl-j!-P<t..) i<.·.:.wt.,(tit-), 
By allowing w to take on various values, we get the frequency con-
tent of the pulse. Taking the ratio of the frequency content of 
the output disturbance to that of the input disturbance gives the 
frequency response of the system of interest. 
Because the area under the strip chart curve was not the 
same in all cases, the computer calculated the area under the curve 
, and divided it into the frequency content to normalize the latter. 
t. This put all the data on the same basis. 
The computer program was checked by putting in a triangular 
.·~ disturbance and taking out a square wave response and compared to the 
:;· analytical results, the computer value was 11.5 per cent lower than 
the analytical value. However, the program is much more accurate 
than it appears. In using the trapezoidal rule for approximating, 
the first and last data points are taken at one half value. This 
was not done because in the strip chart recordings the first data 
point was always zero, and the last was one, so the error is very 
small. When using the synthetic pulses, this one half value for the 
.1 first and last data points is important and the reason for the sprr.ad 
in values. 
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Tabulated Results 
23. 
Flow Rate 3.29 Gal./Min. 
1 Section 1 2 3 ., 
., 
'· Angle Mag. 3 ii w Mag. Angle Mag. Angle ., 
radLsec X 10·3 - X 10- - X 10·3 
.050 984 6.8 970 11.6 992 9,67 
.060 977 8.1 956 13,8 988 11.7 
.070 969 9.3 941 15.6 983 13, 7 
I 
.080 961 10.4 923 17,8 976 15.7 
' 
.090 952 11.5 905 19,6 968 17,8 
:\~ 
.100 943 12.5 885 21.3 958 19.9 ·,. 
;j 
.125 919 14.7 834 24.7 922 25.1 • :!· 
',1 .150 898 16.6 787 26.9 870 29.7 
1,, 
,175 882 18.1 753 28.0 809 32.8 !\ 
1J .200 873 19.8 734 28,9 758 34.o 
I .225 868 21.7 725 30.4 731 34.1 .250 861 24.3 715 32.5 726 34,7 ' . 
.275 846 27,4 698 34,7 730 36.6 'Af 
·1 .300 820 30.5 673 36,4 727 39.7 ,.\ 
}, 641 36.3 677 46.1 :l' ,350 737 35.3 ii. i~ .400 656 35,9 676 36.7 624 47.2 
,~ 
.450 617 33,9 708 43.4 628 49.0 ·, 
:y 
.500 612 33,3 674 49. 7 613 54.4 
,550 605 34.9 649 51.0 562 57.1 
.600 584 36,6 683 53,4 551 55,4 
.650 565 37.3 697 60.7 575 569 
.700 556 38.6 658 66.o 586 60.1 
,750 539 41.0 647 67.1 601 62.7 
.Boo 506 42.8 682 70.5 628 67,3 
.850 474 42.2 697 78.2 630 73.6 
.900 462 40.5 662 84.7 608 77.4 
,q50 462 40.7 635 87.0 625 78.6 
1.00 450 42.3 631 91.4 676 84.4 
1.10 409 40.4 608 98.4 641 100 
! • 
l . ' 
J 
Tabulated Results (Cont.) 24. 
··I 
! Flow Rate 3.29 Gal./Min. 
Section 4 5 6 
w Mag. Angle Mag. Angle Mag. Angle 
rad/sec X 10-3 
-
X l0-3 
-
X 10-3 
-
.050 964 13.2 996 10.4 928 20.l 
.060 948 ~15.6 933 12.6 896 23.8 
.070 930 18.0 990 14.8 861 27.1 
.080 909 20.2 985 17.1 820 30.1 
.090 887 22.2 979 19.4 777 32.6 
.100 863 24.o 970 21.8 733 34.3 
.125 802 27.3 935 27.6 640 34.2 
.150 755 28.7 877 32.5 641 30.1 
.175 742 29.2 820 34.5 731 35.2 
.200 754 320 810 34.8 716 50.7 
) .225 746 37.8 840 37,5 545 62.5 
·, 
.250 689 43.8 863 43.5 363 54.1 
.275 603 46.2 841 52.1 404 24.9 
:':. 
.300 536 42.6 730 6c.2 692 27.1 ~ 
,350 613 33.7 804 46.2 556 99.7 
.400 671 50.4 791 52.9 266 20.3 
.450 495 56.1 743 74.5 566 39.8 
.500 5o6 42.3 527 65. 7 512 55.4 · 
.550 625 50.0 685 65.4 559 73.2 
.600 582 60.9 655 76.6 378 75,5 
.650 562 63.9 689 711 519 85.6 
" .700 528 70.7 897 · 84.1 217 110 :· 485 67.7 450 .750 757 109 33,3 
.800 558 70.9 609 96.1 580 98.6 
.850 537 84.2 854 97.9 214 78.6 
.900 429 83.3 968 130 496 60.2 
.950 523 79.9 478 135 599 103 
1.00 529 98,4 595 109 316 102 
1.10 368 85.2 827 145 814 85.3 
:1 
i 
i 
I 
i 
:, 
1· 
i' 
!'., 
l 
i 
:.1 
I 
, I. 
I 
'i 
: 
., 
.,_ 
.} 
,. 
'I 
.~ 
' ·, I· 
c 
· .. it 
Section 1 
w 
rad/sec 
Mag. 
X 10-3 
.050 1001 
.060 1001 
.070 1002 
.080 1003 
.090 1004 
.100 1oo6 
.125 1014 
.150 1028 
.175 1048 
.200 1069 
.225 1081 
.250 1075 
.275 1050 
.300 1014 
.350 944 
.400 908 
.450 893 
.500 850 
.550 773 
.600 709 
.650 688 
.700 692 
.750 671 
.Boo 622 
.850 587 
.900 580 
.950 576 
1.00 · 552 
Tabulated Results 25. 
Flow Rate 1.98 Gal./Min. 
2 3 
Angle Mag._3 Angle Mag. Angle 
-
X 10, 
-
X 10-3 
2.66 925 20.4 933 17.9 
3.17 895 24.o 905 21.0 
3.67 860 27.3 874 23.7 
4.16 823 30.2 841 25.9 
4.65 785 32.7 808 27.6 
5.13 747 34.7 778 28.7 
6.35 664 37.3 738 29.4 
7.74 616 37.3 750 31. 7 
9.56 606 37.7 744 37.9 
12.l 607 30.6 685 42.9 
11.5 589 45.2 630 42.3 
19.2 551 48.5 651 39.6 
22.7 517 49.1 718 43.4 
25.5 509 48.4 723 51. 7 
I 28.8 530 53.0 639 54.6 
30.6 499 59.6 764 60.7 
I: 492 61.7 688 74.o 33.9 38.7 489 68.7 761 73.0 I 41.8 449 70.4 861 92.5 
I 41.4 493 69.6 737 105 39.8 535 79.2 720 114 I ~-40.9 523 86.o 638 ~23~) I 44.2 549 92.4 614 ' 128 
45.8 537 103 576 134 
44.5 510 106 609 140 
43.2 552 113 529 152 
44.3 531 125 514 145 
45.5 485 128 640 160 
~ 
radLsec 
.050 
.060 
.070 
.080 
.090 
.100 
.125 
.150 
1 
.175 ) 
.200 
.225 
.250 
.275 
.300 
.350 
.400 
.450 
.500 
.550 
.600 
.650 
• I .200 
' .750 
.Boo 
.850 
.950 
1.00 
Tabulated Results ~Cont,l 
Flow Rate 1,98 Gal,/Min. 
Section 4 
Mag. Angle Mag. 
X 10-3 
- > 
X lQ-3 
889 23.2 965 846 26.5 847 
802 29.0 922 
763 30.4 891 
737 30.9 858 
728 31.0 827 
762 35,9 796 
721 479 778 
585 52.7 750 
553 45.4 796 650 49.3 787 
618 63.9 677 
491 65.7 636 
497 58.4 751 
531 71.8 541 
543 72.4 653 
561 89.7 648 
455 102 883 
421 91.8 774 
514 112 530 
440 110 658 
488 133 552 
401 124 699 
481 150 429 
321 150 793 
508 173 104 
246 178 935 
5 
Angle 
15.7 
18.8 
21.8 
24.4 
26.4 
27.5 
29.4 
33.1 
34.9 
37.7 
47.7 
53.3 
46.4 
51.9 
63.9 
61.1 
57.8 
77.9 
98.4 
107 
98.9 
108 
128 
117 
135 
159 
132 
26. 
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j ; 
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:i 
27. 
Appendix B 
Interval Timer. The interval timer is based on an RC cir-
cuit (Figure 11}. The condenser is a 16;.r paper type which is·· 
relatively insensitive to temperature and humidity changes. The 
2D21 tube was used because it triggers very sharply at the same con-
trol grid potential (-4·volts). These two components are the heart 
of the timer • 
In the reset position all switches ·are as shown. The con-
denser is charged negatively to put a negative bias on the control 
grid of 140 volts. In the fire position, the switches close and the 
condenser is charged positively. When a condenser charge of -4 
volts is reached, the 2D21 tube fires and the relay is closed, thus 
breaking the circuit containing the solenoid valve. 
Variable times can be obtained by varying resistor one, 
which determines the rate of charging on the condenser. This par-
ticular resistor gives times of 0.05 to 0.25 seconds. The accuracy 
was limited by the ability to read the calibrating osciloscope but 
was approximately plus or minus 0.0005 seconds. 
•• OTO 201000 
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"'·--- ~-··-- -·-- --------" .. 
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-......[ 
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